Background: The epidermal growth factor receptor (EGFR)/RAS/RAF/MEK/MAPK pathway is an important pathway in the carcinogenesis, invasion and metastasis of colorectal cancers (CRCs). We conducted a retrospective study to determine the prognostic values of EGFR expression and KRAS mutation in patients with metastatic CRC (mCRC) based on synchronous or metachronous status.
Background
Colorectal cancer (CRC) is the third most common cancer and the third leading cause of cancer death in the United States where an estimated 142,820 newly diagnosed cases of CRC and an estimated 50,830 cancer deaths from CRC were reported in 2013 [1] . In Taiwan, CRC is the most common cancer type, having increased rapidly in prevalence, and the third leading cause of cancer-related death as of 2012. The incidence of CRC was 32.38 per 100,000 (7, 213 new diagnoses of CRC) in 2000 and 60.72 per 100,000 (14, 040 new diagnoses of CRC) in 2010 [2] . In Taiwan, 5131 people died from CRC in 2012 and the death rate was 22.0 per 100,000 [2] . The prognoses of metastasis colorectal cancer (mCRC) have improved in the past decade, with the median overall survival (OS) rate increasing from 12 months to more than 24 months [3, 4] . These improvements are considered to be a result of the development of combinations of standard chemotherapy, including fluoropyrimidine/folinic acid, irinotecan (FOLFIRI), and oxaliplatin (FOLFOX), and the introduction of new targeted biological agents such as cetuximab, panitumumab, and bevacizumab.
EGFR is a 170-KDa transmembrane receptor with an intracellular tyrosine kinase domain. EGFR is a member of the ErbB receptor family. After EFGR is bounded by EGF, EFGR forms a functionally active dimer (homodimer or heterodimer) that causes phosphorylation of tyrosine kinases in the intracellular domain of EGFR. Subsequently, complex intracellular signals to the cytoplasm and then to the nucleus are triggered by this phosphorylation [5] . Two major downstream signaling pathways are mediated by EGFR: the RAS/RAF/MEK/MAPK pathway and the PI3K-Akt pathway. The functions of the EGFR/RAS/ RAF/MEK/MAPK pathway are associated with gene transcription, cell-cycle progression from the G1 phase to the S phase, and cell proliferation. Moreover, the EGFR/RAS/ RAF/MEK/MAPK pathway has also been reported to play a critical role in the carcinogenesis, migration, invasion, and metastasis of CRC [5] . EGFR overexpression was previously thought to be associated with more advanced disease and worse prognoses. The prognostic value of EGFR in CRC has been investigated extensively, but it remains controversial [6] [7] [8] [9] [10] . Although KRAS mutation has been studied for the predictive value of tumor response to anti-EGFR treatment and also has been confirmed to be the highly predictive of resistance to anti-EGFR treatment [11] [12] [13] [14] [15] [16] [17] [18] , the prognostic value of KRAS mutation in synchronous and metachronous mCRC remains controversial [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Therefore, we conducted a retrospective study to evaluate the prognostic value of EGFR expression and KRAS mutation in patients with synchronous or metachronous mCRC. Synchronous metastasis was defined as metastatic disease at the time of the primary CRC diagnosis. Metachronous metastasis was defined as the absence of metastatic disease at the time of initial CRC diagnosis with metastatic disease developing more than 3 months after resection of the primary CRC.
Methods

Patients
This retrospective study included 205 patients with histologically proven synchronous or metachronous mCRC who received surgical treatment from a single-institution between October 2002 and July 2012. The present study was approved by the Institutional Review Board of the Kaohsiung Medical University Hospital. Patients' clinical outcomes and survival statuses were regularly followed up. Available variables included: age of diagnosis, sex, tumor location, histological type, TNM classification, vascular invasion, perineural invasion, and preoperative and postoperative serum level of CEA. The TNM classification was defined according to the criteria of the American Joint Commission on Cancer/International Union Against Cancer (AJCC/UICC) [29] . All patients were followed up until their deaths, their last follow-up, or December 31, 2012. Overall survival (OS) was defined as the time from the date of primary treatment to the date of death from any cause or until the date of the last follow-up. Disease-free survival (DFS) for patients with metachronous mCRC was defined as the time from the date of primary treatment to the date of diagnosis for recurrence or metastatic disease or to the date of the last follow-up. Progress-free survival (PFS) for patients with synchronous mCRC was defined as the time from the date of primary treatment to the date of tumor progression or to the date of death from any cause, or to the date of the last follow-up.
Immunohistochemical analysis for EGFR expression
Formalin-fixed and paraffin-embedded tissue blocks were cut into 3 μm sections and deparaffinized, rehydrated, and autoclaved at 121°C for 5 min in Target Retrieval solution (Dako, Glostrup, Denmark), pH 6.0, to retrieve antigens. Endogenous peroxidase was blocked by 3% hydrogen peroxide for 5 min at room temperature. After washing with a Tris buffer solution, the sections were incubated with EGFR for 1 hour at room temperature. Then, DAKO REAL EnVision Detection System-HRP (DAKO, Glostrup, Denmark) was applied for 30 minutes at room temperature. Finally, sections were incubated in 3′, 3diaminobenzidine for 5 minutes, followed by Mayer's hematoxylin counterstaining. Dehydration was performed through two changes of 95% ethanol and two changes of 100% ethanol, and the samples were cleared in three changes of xylene and then mounted. Negative controls were obtained by replacing the primary antibody with non-immune serum. Immunoreactivity of EGFR was evaluated by two independent researchers who were blinded to patient outcome.
Expression patterns of EGFR were determined in a semi-quantitative manner by light microscopy. Immunoreactivity for EGFR (membrane staining) was categorized in accordance with the presence of tumor cell staining and staining intensity. The intensity of EGFR immunoreactivity was scored with a 3-tier system as follow [7, 30] : 1+ (weak intensity); 2+ (moderate intensity); and 3+ (strong intensity) ( Figure 1 ). Negative EGFR expression means absence of membrane staining above background in all tumor cells. Positive EGFR expression is defined as any IHC (immunohistochemistry) complete or incomplete membrane staining of tumor cells, including intensity 1+, 2+ or 3 +.
DNA extraction and direct sequencing of KRAS
Genomic DNA was isolated from frozen primary CRC tissues, using proteinase-K (Stratagene, La Jolla, CA, USA) digestion and the phenol/chloroform extraction procedure according to the method outlined by Sambrook et al. [31] . The designed sequences of oligonucleotide primers for exons 2 and 3 of the KRAS and the operational procedure of direct sequencing were based on those of our previously study [18, 32] .
Statistical analysis
All data were statistically analyzed using the Statistical Package for the Social Sciences, version 19.0 (SPSS Inc., Chicago, IL, USA). The correlation between clinicopathological features and EGFR expression or KRAS mutation was compared using a Chi-square test (for categorical variables) and Student t-test (for continuous variables). The Cox proportional-hazards model was used for univariate and multivariate analyses to identify the independent prognostic factors for OS, DFS and PFS. OS, DFS, and PFS were calculated by the Kaplan-Meier method, and the differences in survival rates were analyzed by the log-rank test. A P value less than 0.05 was considered to be statistically significant.
Results
Characteristics of patients with mCRC
Of the 205 patients with mCRC, 98 patients (47.8%) were metachronous and 107 patients (52.2%) were synchronous. The mean age of the 205 patients was 61.0 ± 12.8 (range, 29-86) years of age. There were 120 males and 85 females. The median follow-up time for the 205 patients was 30.2 ± 20.9 (range, 1-137.3) months. Immunohistochemical analyses for EGFR expression were performed in 174 patients and positive expression was noted in 140 of those patients (80.5%). KRAS mutation status was evaluated in 205 patients, and mutation was noted in 88 of those patients (42.9%).
Characteristics of patients with metachronous mCRC
The clinical and pathological data regarding the 98 patients with metachronous mCRC are summarized in Table 1 . Immunohistochemical analyses for EGFR expression were performed in 84 patients, and positive EGFR expression was noted in 67 of those patients (79.8%). There were no significant differences in mean ages, gender, tumor location, AJCC/UICC cancer stage, retrieved lymph node number, vascular invasion, perineural invasion, pre-operative serum CEA level, and post-operative serum CEA level between patients with positive EGFR expression and those with negative EGFR expression. However, OS (36.72 vs. 62.51 months, P < 0.001) and DFS (14.48 vs. 34.27 months, P < 0.001) rates of patients with positive EGFR expression were significantly poorer than those of patients with negative EGFR expression. KRAS mutation status was evaluated in 98 patients and mutation was noted in 44 of those patients (44.9%). There were no significant differences in mean ages, tumor location, histological type, AJCC/UICC cancer stage, retrieved lymph node number, vascular invasion, perineural invasion, pre-operative serum CEA level, and post-operative serum CEA level between patients with wild-type KRAS and those with mutated KRAS. OS (42.54 vs. 37.41 months, P = 0.293) and DFS (18.38 vs. 16 .43 months, P = 0.487) were not significantly different between patients with wild-type KRAS and those with mutated KRAS.
Characteristics of patients with synchronous mCRC
The clinical and pathological data regarding the 107 patients with synchronous mCRC are summarized in Table 2 . Immunohistochemical analyses for EGFR expression were performed in 90 patients, and a positive EGFR expression was noted in 73 patients (88.0%). There were no significant differences in mean ages, gender, tumor location, histological type, tumor depth, lymph node metastasis, retrieved lymph node number, vascular invasion, perineural invasion, pre-operative serum CEA level, and post-operative serum CEA level between patients with positive EGFR expression and those with negative EGFR expression. Moreover, OS (22.08 vs. 24 .70 months, P = 0.523) and PFS (9.65 vs. 7.44 months, P = 0.417) were not significantly different between patients with positive EGFR expression and those negative EGFR expression. The differences of clinical and pathological data regarding the patients with metachronous mCRC and the patients with synchronous mCRC are summarized in Additional file 1: Table S1 .
KRAS mutation status was evaluated in 107 patients, and mutation was noted in 44 of those patients (41.1%). There were no significant differences in mean ages, gender, tumor location, histological type, tumor depth, lymph node metastasis, retrieved lymph node number, vascular invasion, perineural invasion, pre-operative serum CEA level, and post-operative serum CEA level between patients with wild-type KRAS and those with mutated KRAS. Moreover, OS (23.04 vs. 18.74 months, P = 0.074) and PFS (10.22 vs. 7.95 months, P = 0.101) were also not significantly different.
Univariate and multivariable analyses of survival impact of EGFR expression and KRAS mutation in patients with metachronous mCRC
The univariate and multivariate analyses were performed to investigate independent prognostic factors for OS and DFS in patients with metachronous mCRC using the Cox proportional-hazards model ( Table 3) . Positive EGFR expression was demonstrated to be independent negative prognostic factors for OS (P = 0.028; HR, 3.090; 95% CI, 1.130-8.445) and DFS (P = 0.006; HR, 4.012; 95% CI, 1.477-10.900). However, KRAS mutation was not a significant prognostic factor for OS (P = 0.140; HR, 1.815; 95% CI, 0.823-4.004) and DFS (P = 0.260; HR, 1.440; 95% CI, 0.656-0.081). The Kaplan-Meier survival analysis also demonstrated that patients with positive EGFR expressions had worse OS (P = 0.003) and DFS (P < 0.001) (Figure 2A and 2B) . The median OS times of patients with positive EGFR expression and those with negative EGFR expression were 49.50 and 76.20 months (P = 0.003; 95% CI, 41.223-57.777 and 52.175-99.920), respectively. The 5-year OS rates of patients with positive EGFR expression and those with negative EGFR The Kaplan-Meier survival analysis demonstrated no significant difference between patients with wild-type KRAS and those with mutated KRAS in terms of OS (P = 0.461) and DFS (P = 0.783) ( Figure 2C and 2D) . The median OS times of patients with wild-type KRAS and those with mutated KRAS were 66.10 and 50.30 months (P = 0.461; 95% CI, 39.430-92.770 and 40.770-59.830), respectively. The median DFS times of patients with wild-type KRAS and those with mutated KRAS were 37.90 and 22.80 months (P = 0.783; 95% CI, 11.120-44.680 and 14.470-31.130), respectively. Furthermore, we analyzed the OS and DFS of patients with wild-type KRAS (N = 54), mutated KRAS codon 12 (N = 32), and mutated KRAS codon 13 (N = 12). No significant difference was noted in terms of OS (P = 0.656) and DFS (P = 0.977) (Figures 2E and 2F ).
Univariate and multivariable analyses of survival impact of EGFR expression and KRAS mutation in patients with synchronous mCRC
Univariate and multivariate analyses were performed to investigate the independent prognostic factors for OS and PFS in patients with synchronous mCRC using the Figure 3C and 3D) . The median OS times of patients with wild-type KRAS and those with mutated KRAS were 22.50 and 21.30 months (P = 0.544; 95% CI, 21.036-23.964 and 17.967-24.633), respectively. The median PFS times of patients with wild-type KRAS and those with mutated KRAS were 9.30 and 11.70 months (P = 0.555; 95% CI, 7.395-11.205 and 4.696-18.704), respectively. Furthermore, we analyzed the OS and DFS of patients with wild-type KRAS (N = 63), mutated KRAS codon 12 (N = 37), and mutated KRAS codon 13 (N = 7). No significant difference was noted in terms of OS (P = 0.656) and PFS (P = 0.977) ( Figure 3E and 3F ).
Discussion
Of the 205 patients analyzed in this study, 98 patients had metachronous and 107 had synchronous mCRC. Positive EGFR expression was found in 80.5% patients through immunohistochemical analyses. The positive rate of EGFR expression in CRC was reported to be 25% to 82% [7] . KRAS mutation status was evaluated in 205 patients and mutation was noted in 88 of those patients (42.9%), in concordance with the mutation rate of KRAS Figure 2 The Kaplan-Meier survival curve for patients with metachronous mCRC. A. Overall survival stratified by EGFR expression. B. Disease-free survival stratified by EGFR expression. C. Overall survival stratified by KRAS mutation status. D. Disease-free survival stratified by KRAS mutation status. E. Overall survival stratified by wild-type KRAS, codon 12, and codon 13. F. Disease-free survival stratified by wild-type KRAS, codon 12, and codon 13. in CRC (35% to 42%) [19] . In our patients with metachronous mCRC, EGFR expression was associated with differentiation grade of the tumor, with more moderate differentiation in patients with positive EGFR expression (P = 0.028), in accordance with the report of Andreyev et al. [25] . However, the association was not noted in our synchronous mCRC patients. The association between histological grade and EGFR expression is still controversial [6] [7] [8] 33, 34] .
For the prognostic value of EGFR for patients with metachronous mCRC, we have demonstrated EGFR as an independent negative prognostic factor for OS and DFS by multivariate Cox proportional-hazards model. The Kaplan-Meier survival analysis also showed that patients with positive EGFR expression had worse OS and DFS. Galizia et al. [7] have shown that there is strong association between disease-specific survival and EGFR expression status, and a more than 10-fold risk of cancer related death in patients with positive EGFR expression compared with patients with negative EGFR expression. The difference was even stronger in patients with Duke's C and D colon cancer than in those with Duke's A and B colon cancer [7] . Ljuslinder et al. [6] have shown an association between worse outcomes and higher EGFR expression at invasive margin. Giralt et al. [9] evaluated the relationship between prognosis and EGFR expression in patients with locally advanced rectal cancer (LARC) receiving preoperative radiotherapy, and they found that the pathological response rate was lower in patients with positive EGFR expression than in those with negative EGFR expression. Azria et al. [10] conducted a similar study to evaluate the prognostic impact of EGFR expression on locoregional recurrence in patients with LARC receiving preoperative radiotherapy. The locoregional recurrence rate was higher in patients with EFGR extent ≧25% than in patients with EFGR ≦25% (20% vs. 7%). The locoregional recurrence-free survival rate at 2 years was 94% and 84%, respectively (P = 0.06). EFGR extent ≧25% was a significant factor for locoregional recurrence (P = 0.037; HR, 7.18; 95% CI, 1.17-46). Theodoropoulos et al. [34] reported a significant association between high EGFR expression and advanced T3 and T4 stages (P = 0.001), which implied that EGFR overexpression was associated with tumor invasion. Furthermore, they also demonstrated a trend between positive EGFR expression and poorer OS. Deng et al. [35] reported a significant association between high EGFR expression in primary tumor and poorer OS (P = 0.046); however, the association was not noted in stage IV patients, which is in agreement with our present study. The association between EFGR expression and worse survival has also been noted in other malignancies, such as gastric cancer [36, 37] , esophageal cancer [38] , and breast cancer [39] . In contrast, Spano et al. [8] and McKay et al. [33] reported no significant association between EGFR expression and survival.
Through the multivariate Cox proportional-hazards analyses and Kaplan-Meier survival analysis used in this study, KRAS mutation status was found not to be a significant independent prognostic factor of OS, DFS, and PFS for patients with metachronous mCRC and synchronous mCRC. Roth et al. [19] reported a mutated rate of 37% of KRAS mutation from 1299 patients with stages II and III colon cancer. No significant association between survival (OS and relapse-free survival) and KRAS mutation status was demonstrated. Moreover, no difference was noted between survival (OS and relapse-free survival) and type of KRAS mutation stratified by condon 12 and 13 in patients with stages II and III colon cancer, which is in agreement with our analyses of patients with metachronous mCRC. Rose et al. [20] assessed the survival impact of KRAS mutation status in 110 patients with metachronous and synchronous mCRC. The OS of patients with metachronous and those with synchronous mCRC was not influenced by KRAS mutation status (P = 0.55 and 0.37, respectively), which is also consistent with our present study. Three studies [21] [22] [23] patients also showed that there was no prognostic value of KRAS mutation status for OS and PFS. Recently, a systemic review and meta-analysis regarding the prognostic value of KRAS mutation status demonstrated that there was no association between KRAS mutation status and the prognosis of patients with CRC [24] . In contrast, 2 large collaborative Kirsten Ras in Colorectal Cancer Collaborative Group (RASCAL) studies [25, 26] evaluated the prognostic role in CRC. It was concluded in these studies that mutated KRAS were significantly associated with an increased risk of relapse and death and a significant association between failure-free survival and G12V of mutated KRAS in Duke's C patients. Richman et al. [27] reported similar PFS and worse OS in patients with mutated KRAS compared to patients with wild-type KRAS. Roth et al. indicated that the KRAS mutations were assessed by each referring center according to three types of methodologies, and meta-analysis results could be affected by variations between trials [19] . In a meta-analysis assessing the predictive and prognostic value of KRAS mutations in CRC patients treated with cetuximab, it was concluded that mCRC patients with mutated KRAS could have worse PFS and OS when treated with cetuximab [28] . To our best knowledge, this study is the first to evaluate the prognostic values of EGFR expression and KRAS mutation simultaneously in patients with metachronous and synchronous mCRC. However, there are some limitations to the present study. First, the present study is a single-institution retrospective study. The study's relatively small sample size is another limitation. Third, the KRAS mutation status was evaluated only as wild-type and mutant (codon 12 and codon 13) and we did not analyze other rare mutation types.
Conclusion
In conclusion, we have demonstrated that EGFR expression has prognostic value only for patients with metachronous mCRC, while having no such value for patients with synchronous mCRC. Our data indicate EGFR as an independent negative prognostic factor for OS and DFS in patients with metachronous mCRC. Analyzing EGFR expression may help identify high-risk patients requiring more aggressive therapeutic modalities in the setting of metachronous mCRC. However, KRAS mutation did not have prognostic value for patients with metachronous or synchronous mCRC.
